, which innervate the axon initial segment (AIS) and soma/proximal dendrites of pyramidal cells, respectively. In monkey prefrontal cortex (PFC), the density of PVChC axon cartridges detectable by PV immunoreactivity peaks prior to the onset of puberty before declining markedly to adult levels, whereas the density of PV-immunoreactive (IR) puncta (presumed PVBC boutons) increases during adolescence. These inverse developmental changes in bouton density could explain why an electron microscopy study found no change in the density of symmetric, presumably GABAergic, synapses between infancy and adulthood in monkey PFC. Alternatively, the inverse developmental trajectories of PVChC and PVBC boutons could represent cell type-specific differences in the maturation of PV protein levels. To differentiate between these two alternatives, multilabel confocal microscopy was used to quantify the number of PVChC and PVBC boutons per pyramidal neuron in the PFC of 3-month-old and adult monkeys. The mean number of PVChC boutons per pyramidal neuron AIS was, significantly, 32% lower in adult compared with 3-month-old monkeys, whereas the density of PVBC boutons per pyramidal neuron did not differ between age groups. In contrast, relative levels of PV protein were approximately twofold higher in PVBC boutons in adult animals, whereas PV levels in PVChC boutons did not differ between age groups. These findings suggest cell type-specific mechanisms of maturation of PV-containing GABAergic boutons in monkey PFC.
Introduction
The postnatal development of GABAergic circuitry in the monkey prefrontal cortex (PFC) is a protracted process that extends into early adulthood (Hoftman and Lewis, 2011) . This process includes the establishment and maturation of precise connections among neuronal populations. For example, the axons of chandelier (axoaxonic) cells (ChCs) exclusively target the axon initial segment (AIS) of pyramidal neurons (Szentagothai and Arbib, 1974) ; the convergence of axons from multiple ChCs onto a single pyramidal neuron AIS forms a distinctive, vertically oriented array of boutons termed a cartridge (Lewis and Lund, 1990) . Many cortical ChCs contain the calcium-binding protein parvalbumin (PVChC) (DeFelipe et al., 1989) , and the density of cartridges detectable by PV immunoreactivity decreases between 3 months and adulthood in monkey PFC (Cruz et al., 2003) . In contrast, the density of PVimmunoreactive (IR) boutons that do not belong to cartridges, and which presumably arise from PV-containing basket cells (PVBCs), significantly increases between these same ages (Erickson and Lewis, 2002) . Both of these findings appear to conflict with the results of other studies indicating that the overall densities of GABAergic synapses in monkey PFC do not undergo postnatal developmental refinements. Specifically, the density of all symmetric (putatively inhibitory) synapses does not change between 3 months and adulthood (Bourgeois et al., 1994) , and the density of GABA membrane transporter 1 (GAT1)-IR puncta appears to remain constant (Erickson and Lewis, 2002) .
This apparent conflict might be resolved by opposite but equivalent changes in the densities of PVChC and PVBC boutons across postnatal development, such that the overall density of inhibitory boutons and synapses does not change. Alternatively, the apparent changes with age in the densities of PVChC cartridges and PVBC boutons could reflect inverse developmental shifts in bouton levels of PV protein such that PVChC and PVBC boutons become less and more detectable with age, respectively. To discriminate among these alternatives, we used quantitative, multilabel, fluorescence confocal microscopy to assess the density of, and relative PV protein levels in, the boutons of PVChCs and PVBCs in the PFC of 3-month-old and adult monkeys.
Materials and Methods
Animals. Macaque (Macaca fascicularis) monkeys (3-month-old, 3 females) and adult (156 -192-month-old; 2 females, 1 male) were anesthetized and then perfused transcardially as previously described (Cruz et al., 2003) . Brains were immediately removed, and coronal blocks (5-6 mm thick) were cut and stored in a cryoprotectant solution at Ϫ30°C (Cruz et al., 2003) . Sections (40 m) were exhaustively cut from left hemisphere blocks containing the entire rostral-caudal extent of the principal sulcus (area 46). All experimental procedures were conducted in accordance with the NIH Guide for the Care of and Use of Laboratory Animals and with the approval from the University of Pittsburgh's Institutional Animal Care and Use Committee.
Antibodies and immunocytochemistry. Two sections per monkey, 1 mm apart, were taken from the middle one-third of the principal sulcus ( Fig. 1) and processed as follows. Sections were permeabilized with 0.3% Triton X-100 in PBS for 30 min at room temperature (RT), rinsed, and blocked with 20% donkey serum for 2 h at RT. Sections were then incubated for ϳ72 h at 4°C in PBS containing 3% donkey serum and the following antibodies: PV (sheep, R&D Systems; 1:100) (Kagi et al., 1987) et al., 1992) to identify the AIS and soma, respectively, of pyramidal neurons. Sections were then rinsed for 2 h in PBS, incubated with secondary antibodies (donkey; 1:500) conjugated to Alexa 405, 488, 568, and 647 (Invitrogen), or biotin (Fitzgerald) for 24 h in PBS at 4°C. Sections were then rinsed and a tertiary incubation (24 h at 4°C) with streptavidin 405 was performed to label the biotinylated secondary antibody. The final fluorescence detection channel assignment (excitation) was as follows: vGAT (405 nm), AnkG and NeuN (488 nm), PV (568 nm), and ␥2 (647 nm). Note that AnkG and NeuN, which were both detected using mouse primary antibodies, were visualized in the same channel.
Microscopy. Image stacks (512 ϫ 512 pixels; 0.25 m z-step) were collected on an Olympus IX71 microscope controlled by SlideBook 5.0 (3I) and equipped with an Olympus spinning disk confocal, Hamamatsu C9100 EM-CCD, and LEP BioPrecision2 XYZ motorized stage using a 60ϫ 1.42 N.A. objective. Sampling was confined to layers 2-4 (defined as 10 -60% of the distance from pial surface to white matter) (Pierri et al., 1999) of PFC area 46 (Fig. 1) because the density of PV-IR cartridges is highest at 3 months and lowest in adult monkeys within these layers (Cruz et al., 2003) ; in contrast, the density of detectable PV-IR boutons was previously reported to be low in 3-month-old and highest in adult monkeys in these same layers (Erickson and Lewis, 2002) . Sites were systematic randomly sampled using a grid of 190 ϫ 190 m 2 with stacks collected from 20 randomly selected sites per section.
Image processing. Image stacks were taken using optimal exposures (greatest dynamic range/no saturated pixels), exposure corrected, deconvolved using the AutoQuant adaptive blind deconvolution algorithm, and segmented. Within each field, AISs were manually traced only if they were considered to be completely visualized as indicated by (1) continuity across z planes; (2) a proximal end adjacent to a clearly defined NeuN-IR soma; (3) a distal end, defined by tapering of the AnkG signal to the width of an axon; and (4) the entire AIS was contained within a virtual sampling box. The virtual sampling box started and ended one z-plane from the top and bottom of the image stack, respectively, and had x-y start/end coordinates that were located 20 pixels from any edge. AIS length was calculated by measuring the distance between unique points at the soma-hillock boundary, the centroid, and distal end of the AnkG-IR AIS profile.
Definitions of synaptic structures. Intensity/morphological segmentation was used to make object masks for each IR puncta, identified as small (0.03-1 m 3 ), distinct fluorescing objects (Fish et al., 2011) . Mask operations were then used to classify the different bouton populations. A GABAergic bouton was defined as a vGAT-IR puncta that was adjacent to a GABA A receptor ␥2-IR cluster. Because the width of a typical symmetric synaptic cleft is ϳ20 nm, the plasma membrane thickness is Յ10 nm, and the lateral resolution of our system is ϳ100 nm after postimage processing, only vGAT-IR puncta object masks that partially overlapped ␥2-IR cluster masks were considered adjacent and used for analysis. A PV bouton was defined as a PV object mask that contained the center of a vGAT object mask, which overlapped a ␥2 cluster object mask. Importantly, the presence of vGAT excludes the possibility that it is a thalamic bouton. PV boutons adjacent ␥2-IR clusters not associated with an AnkG-labeled AIS were classified as PVBC, whereas those adjacent ␥2-IR clusters within AnkG-labeled AISs were classified as PVChC. ChC PVneg boutons were defined as those GABAergic boutons adjacent ␥2-IR puncta within AnkG-labeled AISs that could not be represented by a PV object mask. Importantly, all GABAergic boutons that overlapped with ␥2-IR puncta within AnkG-labeled AISs were classified as being either a PVChC or a ChC PVneg bouton.
Statistics. Diagnostic statistics were used to confirm that the data were normally distributed. Independent t tests were used to compare dependent measures between age groups. In all analyses, the statistics were performed on the mean values for individual monkeys (N ϭ 3 per age group) determined by first averaging data within stack, then averaging stack means within section, and finally averaging means across sections.
Results
The density of GABAergic boutons does not differ between 3-month-old and adult monkeys The mean (ϮSD) density of GABAergic boutons in layers 2-4 of the PFC neuropil did not differ (t (4) ϭ 0.731, p ϭ 0.505) between 3 months (0.045 Ϯ 0.006 boutons/m 3 ) and adult (0.041 Ϯ 0.004 boutons/m 3 ) animals. Because density measures may be confounded by age-related changes in PFC volume (Erickson and Lewis, 2002) , we also determined the number of GABAergic boutons per NeuN-IR neuron, which did not differ (t (4) ϭ 0.939, p ϭ 0.401) between age groups.
The mean number of PVChC boutons per AIS, but not of PVBC boutons per neuron, is lower in adult compared with 3-month-old monkeys
The mean number of PVChC boutons per AIS was 32% lower (t (4) ϭ 2.853, p ϭ 0.046) in adult (10.5 Ϯ 1.7) relative to 3-month-old (15.5 Ϯ 2.5) monkeys (Fig. 1) . Additionally, the magnitude of the difference between age groups was similar for ChC boutons that did not appear to contain PV (ChC PVneg ) (Fig.  2) . Given that the densities of GAT1 and PV-IR cartridges were previously reported to show different patterns of change both within the same layers and across layers during postnatal development (Cruz et al., 2003) , we performed an additional analysis that took layer into account. Specifically, we separated sampling sites based on their laminar position into two groups: layers 2-superficial 3 and layers deep 3-4. Although the magnitude of the reduction in PVChC boutons was similar across layers, there was a twofold greater magnitude of reduction in ChC PVneg boutons in layers 2-superficial 3 compared with layers deep 3-4 (Fig.  2B) . In contrast to PVChC boutons, neither the number of PVBC boutons per NeuN-IR pyramidal neuron (t (4) ϭ Ϫ0.201, p ϭ 0.851), nor the density of PVBC boutons in the neuropil (t (4) ϭ Ϫ1.758, p ϭ 0.154), differed between 3-month-old (244 Ϯ 84 boutons/pyramidal neuron and 0.0101 Ϯ 0.0013 boutons/m 3 , respectively) and adult (254 Ϯ 31 boutons/pyramidal neuron and 0.0117 Ϯ 0.0008 boutons/m 3 , respectively) monkeys. To determine whether biased sampling could have contributed to the age-related decline in the mean number of ChC boutons per AIS, the robustness of our sampling was assessed. Although the coefficient of variation for the number of PVChC boutons per AIS within adult animals ranged from 75 to 129%, the coefficient of error ranged from 5 to 10%, indicating that the obtained means are robust estimates of the true population means. In addition, the difference in mean number of PVChC boutons per AIS between age groups was not accompanied by any change (t (4) ϭ Ϫ1.289, p ϭ 0.267) in PV-IR cell body density, consistent with a prior report (Conde et al., 1996) . These latter findings suggest that the lower number of PVChC boutons per AIS in the adult animals did not result from a postnatal loss of ChCs (Southwell et al., 2012) .
A highly stringent criterion was used to define a PVChC bouton, raising the possibility that some PVChC to pyramidal AIS connections were excluded from the analysis. To ensure that the age-related reduction in mean number of PVChC boutons per AIS was not confounded by this possibility, the mean numbers of PV-IR, vGAT-IR, and ␥2-IR puncta that overlapped AIS were compared between age groups. The mean numbers of PV-IR and vGAT-IR puncta per AIS declined (t (4) ϭ 6.028, p ϭ 0.004 and t (4) ϭ 5.327, p ϭ 0.006, respectively) between 3-month-old (19.2 Ϯ 2.0 and 21.8 Ϯ 2.4, respectively) and adult (11.8 Ϯ 0.6 and 14.2 Ϯ 0.7, respectively) animals (Fig. 2) . Likewise, the mean number of ␥2-IR puncta per AIS significantly declined (t (4) ϭ 3.577, p ϭ 0.023) between 3-month-old (26.7 Ϯ 4.8) and adult (15.3 Ϯ 2.7) animals. The percentage declines in PV-IR, vGAT-IR, and ␥2-IR puncta per AIS, which ranged from 35 to 43%, were similar to the 32% age-related decline in mean number of PVChC boutons per AIS.
AIS innervation by PVChCs was found to be highly variable in both 3-month-old (0 -42 PVChC boutons per AIS) and adult (0 -39 PVChC boutons per AIS) monkeys. Considering that the mean numbers of PVChC boutons per AIS in 3-month-old and adult animals were 15.5 and 10.5, respectively, these findings suggest that a large number of AIS might not be associated with a morphologically detectable cartridge and that the density of detectable PVChC cartridges might be significantly reduced between 3-month-old and adulthood. To assess cartridge density, PV-IR cartridges were identified qualitatively by their characteristic morphology and the number of PV-IR boutons per AIS was quantified. The PV channel was used to select PV-IR cartridges, and then the other channels (vGAT, ␥2, and AnkG/NeuN) were used to determine how many boutons were present in each cartridge. This approach revealed that PV-IR morphologically distinct cartridges were composed of 12 or more PVChC boutons. Of 500 randomly selected pyramidal cells from 3-month-old monkeys, the AIS of 320 (64%) was innervated by Ն12 boutons, whereas in adult monkeys the AIS of only 163/500 (32.6%) pyramidal cells was innervated by Ն12 boutons. This 49% decrease in the number of recognizable cartridges between 3-month-old and adult monkeys is similar to the previously reported 55% decline using a different method (Anderson et al., 1995; Cruz et al., 2003 Cruz et al., , 2009 ).
The number of PVChC boutons per AIS is positively correlated with AIS size
The mean length (t (4) ϭ 6.213, p ϭ 0.003) of AISs, as determined by AnkG immunoreactivity, was ϳ33% shorter in adult (19.7 Ϯ 1.4 m) than in 3-month-old (29.1 Ϯ 2.3 m) monkeys (Fig. 3A) . In addition, the average AIS surface area determined by AnkG immunoreactivity was significantly less (t (4) ϭ 4.839, p ϭ 0.008) in adult (132 Ϯ 8 m 2 ) than 3-month-old (202 Ϯ 24 m 2 ) monkeys (Fig. 3B) . Furthermore, the number of PVChC boutons was positively correlated (3-month-old r ϭ 0.764, p Ͻ 0.001; adult r ϭ 0.735, p Ͻ 0.001) with AIS surface area within monkeys (Fig. 3C) . Importantly, mean AnkG fluorescence intensity in AIS did not differ (t (4) ϭ 0.436, p ϭ 0.685) between adult (2494 Ϯ 231) and 3-monthold (2554 Ϯ 67) monkeys, suggesting that group differences in Relative PV protein levels in PVBC boutons, but not in PVChC boutons, are significantly greater in adult compared with 3-month-old monkeys The relative mean protein level of PV per PVBC bouton increased significantly by 69% between 3-month-old and adulthood. This increase was accompanied by an increase in the relative mean protein level of vGAT (25%) per PVBC bouton and in ␥2 (35%) relative protein levels in the corresponding postsynaptic clusters between 3-month-old and adulthood, although neither of these changes achieved statistical significance (Table 1) . In contrast, relative mean protein levels of PV and vGAT per PVChC bouton, and ␥2 per postsynaptic cluster adjacent to a PVChC bouton were similar between the two age groups (Table 1) .
Discussion
Prior reports of a decreased density of PVChC axon cartridges (Anderson et al., 1995; Cruz et al., 2003 Cruz et al., , 2009 ) and increased density of PV-IR boutons (Erickson and Lewis, 2002) over postnatal development in monkey PFC could represent inverse changes in bouton number and/or in PV protein levels per bouton. As reported here, the mean number of PVChC boutons per pyramidal neuron AIS was significantly 32% lower in adult compared with 3-month-old monkeys, with no group differences in relative mean PV protein levels per PVChC bouton. In contrast, the density of PVBC boutons did not differ between age groups, but the relative mean PV protein levels in PVBC boutons were nearly twofold higher in adults than in 3-month-old monkeys. Thus, PVChC and PVBC appear to use fundamentally different mechanisms to achieve adult levels of innervation of their pyramidal cell targets.
The result that GABAergic bouton density in the PFC does not differ between 3-month-old and adult monkeys, along with previous reports that neither the density of symmetric synapses (Bourgeois et al., 1994) nor the density of GAT1-IR puncta (Erickson and Lewis, 2002 ) differed between these age groups suggest that GABAergic boutons are not pruned during postnatal development. In this context, our finding of an age-related reduction in PVChC boutons strongly suggests that the pruning of these boutons is cell-type-specific and not detectable when all GABAergic boutons are assessed without regard to cell type. In this study, AIS mean length and average surface area were ϳ33% less in adult than in 3-month-old monkeys, consistent with previous reports (Cruz et al., 2009) . Recent studies have shown that AIS length/location depend, at least in part, on network activity (Grubb et al., 2011) . Interestingly, we found that the number of PVChC boutons was positively correlated with AIS surface area. In concert, these findings suggest that the number of ChC inputs onto a given pyramidal neuron is also regulated by network activity.
The distinctiveness of a developmental reduction in the number of PVChC boutons may be related to their unique role in innervating the AIS of pyramidal neurons where they are positioned to regulate action potentials. Interestingly, we found that the number of ChC boutons associated with an AIS is highly variable across AIS in both 3-month-old (0 -42 PVChC boutons per AIS) and adult (0 -39 PVChC boutons per AIS) (Fig. 1D ) monkeys, similar to prior electron microscopy studies in adult primates (DeFelipe et al., 1985; Inda et al., 2007) . These findings raise the possibility that the degree of action potential regulation by ChCs differs across subtypes of pyramidal neurons. Consistent with this idea, the mean number of inputs to the AIS is greatest in callosal-projecting pyramidal cells, intermediate in pyramidal cells providing ipsilateral cortical projections, and lowest in corticothalamic pyramidal neurons in monkey neocortex (Farinas and DeFelipe, 1991) . However, even among pyramidal neurons that share the same projection target, the number of ChC inputs to the AIS shows considerable variability (Farinas and DeFelipe, 1991) . These findings, and those of this study, reveal a marked heterogeneity in the need for ChC regulation of pyramidal neurons, across and within subclasses of pyramidal cells, and apparently across development for the same pyramidal cells. Given the reported roles of ChC inputs of either hyperpolarizing or depolarizing pyramidal cells based on levels of network activity (Woodruff et al., 2011) or of blocking retrograde action currents (Dugladze et al., 2012) , why some pyramidal cells need a high level of these types of regulation and others do not is an important question for future studies.
In contrast to PVChC, relative PV protein levels in PVBC boutons were approximately twofold higher in adult compared with 3-month-old monkeys. In concert with our finding that PVBC bouton density did not differ between age groups, these results suggest that the previously reported increase in PV-IR puncta density across postnatal development in monkey PFC results from an age-related rise in PV protein levels per PVBC bouton and thus an increase in their detectability by standard light microscopy. Although the physiological role of Ca 2ϩ buffering by PV is still unclear, an increase in bouton PV levels decreases the duration of Ca 2ϩ transients that influence GABA release (Collin et al., 2005) . Thus, an increase in PVBC bouton PV levels could result in greater bouton-specific regulation over GABA release with age.
The distinct differences in the maturation of PVBC and PVChC boutons may provide insight into the nature or timing of the reported alterations in these types of boutons in schizophrenia. For example, the density of ChC cartridges detectable by GAT1 immunoreactivity is 40% lower in the PFC of schizophrenia subjects relative to matched comparison subjects (Woo et al., 1998; Pierri et al., 1999) . This difference could represent an excessive developmental elimination of ChC boutons. In addition, lower levels of PV protein in putative PVBC boutons in schizophrenia (J. R. Glausier, K. N. Fish, and D. A. Lewis, unpublished observation) might represent a disease-related impairment in the normal developmental rise of PV levels in these boutons observed in this study. Together, these alterations in perisomatic inhibitory regulation of pyramidal cell function might contribute to the emergence of PFCmediated cognitive disturbances well before the clinical onset of schizophrenia during late adolescence or early adulthood (Reichenberg et al., 2010) .
